We are presenting the development of a nonlinear diffusion model to aid the design and fabrication of annealed proton-exchanged (APE) channel waveguides in zirconium-doped lithium niobate (Zr:LiNbO3 or Zr:LN). This work follows research at Stanford by Bortz [1, 8] and Roussev [2] , who developed nonlinear diffusion models for congruently melting LiNbO3 (CLN).
Lithium niobate is one of the best known and well characterized ferroelectric materials used in nonlinear optics due to its advantage properties and commercial availability. Its large nonlinear coefficients, wide transparency range, and ease of engineerability with respect to both quasi phasematching (QPM) and waveguide fabrication techniques make it an attractive choice for applications requiring highly efficient frequency conversion. Well-established applications range from frequency conversion for classical telecommunication systems [3] to quantum optics [4] .
Despite its wide range of applications, LN suffers from a major shortcoming in the form of photorefractivity [5] . Even modest amounts (several milliwatts) of visible light will create beam distortions inside the crystal due to the creation of uncompensated internal fields in combination with the electrooptic effect. This makes the material useless for applications where generation of visible light is desired or cannot be avoided, e.g. optical parametric oscillators.
It was found that the addition of a metallic dopant during crystal growth can mitigate this detrimental effect significantly. The best known dopant is magnesium, and 5-mol%-doped wafers are commercially available from several vendors. Transition metals have also been examined as candidates as dopants, including hafnium and zirconium. Recent publications have shown that 3-mol%-doped Zr:LN exhibits a very high photorefractive damage threshold, making it an interesting new material for near-UV applications [6, 7] . 
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Fig. 1 Experimental data for showing the normalized surface index step as a function of normalized anneal time at 310°C for a set of four Zr:LN samples exchanged to different initial depths. The solid line represents the prediction from our nonlinear diffusion model presented in this work.
In this work, we are examining the feasibility of developing a nonlinear diffusion model for annealed proton-exchanged channel waveguides in 3-mol%-doped Zr:LN. Waveguides in nonlinear substrates greatly increase the overall achievable conversion efficiency due to the tight confinement of the interacting waves over long distances [8] .
A set of four Zr:LN and four CLN z-cut samples were proton exchanged in a bath of buffered benzoic acid to depths ranging from 0.9 -1.95 um. The exact initial film thickness of the protonated layer was determined by a soft-anneal (SA) study as described in [2] . Annealing was performed at 310°C for a number of short time intervals, followed by modal characterization using a prism coupler (Metricon Model 2010) and absorption measurements using a spectrophotometer (Hitachi U4001). An IWKB algorithm was used to determine the refractive index profile after each anneal step.
As a first step towards the development of a diffusion model for the annealing step, we plotted the normalized surface index steps as a function of the square root of anneal time normalized to the initial film thickness. The data for Zr:LN is shown in Fig. 1 . One can see that all data points follow a single trajectory, indicating that a diffusion model should be able to describe the annealing step. A simplex optimization routine was used to fit a nonlinear diffusion model [8] to the data as indicated by the solid black curve in Fig. 1 . The data below a normalized index step of 0.7 is in good agreement with the model. Further investigation is required to compare predicted refractive index profiles and modal distributions to measurements. All aforementioned analysis steps were also performed on the CLN data and compared to the model presented in [2] . Good agreement was found, indicating the consistency of the methodology.
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